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Abstract
In this work we present a novel route to produce a graphene-based film on a polymer substrate. A transparent graphite colloidal

suspension was applied to a slat of poly(methyl methacrylate) (PMMA). The good adhesion to the PMMA surface, combined with

the shear stress, allows a uniform and continuous spreading of the graphite nanocrystals, resulting in a very uniform graphene

multilayer coating on the substrate surface. The fabrication process is simple and yields thin coatings characterized by high optical

transparency and large electrical piezoresitivity. Such properties envisage potential applications of this polymer-supported coating

for use in strain sensing. The electrical and mechanical properties of these PMMA/graphene coatings were characterized by bending

tests. The electrical transport was investigated as a function of the applied stress. The structural and strain properties of the polymer

composite material were studied under stress by infrared thermography and micro-Raman spectroscopy.
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Introduction
Many materials have been proposed for strain sensing applica-

tions including metals, silicon, carbon nanotubes and graphene.

The unique thermal, mechanical and electrical properties of

graphene [1] have inspired new and appealing applications in

different fields. Its exceptional mechanical robustness and

ability to withstand elastic strain (up to 25% for tensile in-plane
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stretching) make this material interesting for use in advanced

technological systems subjected to critical stresses and oper-

ating in harsh environments. The large piezoresitivity of

graphene is attributed to the charge tunneling mechanism occur-

ring between neighboring platelets, and it critically depends on

the composition, density and interconnection properties of the

graphene components [2]. Polymers have been used as sub-

strates to support strips of strain sensing components to make a

flexible strain gauge. These compounds have received signifi-

cant interest not only for their high sensibility and tunability,

but also for the potential for gauging strain that they offer in

several biological systems. A highly stretchable and sensitive

strain sensor based on reduced graphene oxide or graphene on

polymer were also recently reported [3].

In this work we describe a simple and direct fabrication process

based on a new micrographite colloidal suspension to produce

thin coatings with large electrical piezoresitivity. When applied

to a slat of poly(methyl methacrylate) (PMMA), the adhesion to

the PMMA surface, combined with the shear stress, allowed for

the uniform and continuous spreading of the graphite nanocrys-

tals on the substrate surface with formation of a very uniform

graphene multilayer coating.

The electrical response to the mechanical deformation of a

strain sensor is generally quantified by the gauge factor (GF),

that is, the ratio of the relative change in electrical resistance, R,

to the mechanical strain, ε, namely the GF is given as ΔR/(εR0),

where R0 is the unstrained resistance. The values of GF for

graphene range from 1.9–2.4 [2,3]. The GF has been consider-

ably improved by using instead of single graphene layers, self-

assembled arrays of nanostructures based on graphene, such as

carbon nanotubes [4,5] or graphene nanoplatelets [6-8]. The

values of GF on the order of 100 or larger can be obtained in

these systems, approaching and in some cases exceeding the

value 200, which constitutes the maximum achievable perfor-

mance of silicon-based sensors.

The electrical resistance and mechanical properties of

the graphene-coated PMMA slat were investigated by

current–voltage (I–V) measurements and micro-Raman spec-

troscopy (μ-RS) during bending tests. Moreover, infrared ther-

mographic technique (IRT) was used to assess the sensitivity of

the PMMA/graphene slats to bending deformation.

Experimental
The graphite used for this strain sensor was prepared according

to [9,10] as follows. Expandable graphite flakes (Faima S.r.l.,

Milano, Italy) were subjected to a thermal shock at 750 °C for

3 min in a muffle furnace to produce expanded graphite. The

expanded graphite filaments were converted to nanostructured

graphite by ultrasonic treatment in acetone, using a horn soni-

cator (Bandelin Sonopuls, model UW2200, 20 kHz, 200 W,

Berlin, Germany). The suspension (800 mL) was sonicated for

30 min in a glass cylindrical beaker at room temperature (the

beaker was placed in a refrigeration bath). The final product

was a concentrated colloidal suspension (the nanostructured

graphite concentration in this paste was ≈33 g/dm3), which was

dried in air at room temperature to give the nanostructured

graphite powder. Then a concentrated nanostructured graphite

colloid was prepared by accurately dispersing the graphite in

ethanol (Sigma-Aldrich, 99.9%) under sonication. The nano-

structured graphite colloid was gently rubbed on the surface of a

slat of PMMA, by hand, using a low-density polyethylene

(LDPE) film to achieve a very uniform coating of the substrate

surface. The adhesion to the PMMA surface, combined with the

applied shear stress, allowed a uniform and continuous

spreading of the graphite nanocrystals on the substrate surface

with formation of a very uniform graphene multilayer coating.

The obtained PMMA slats coated by this very thin and opti-

cally transparent layer of graphene were rinsed in acetone and

dried in air at room temperature.

The graphene compound layer on the top of the PMMA surface

is clearly visible in the images of Figure 1, obtained by scan-

ning electron microscopy (SEM) of the slat section. A 0.5 μm

thick layer drapes over the PMMA surface (Figure 1a). At high

magnification, the granular nature of the coating is evinced

from the waviness of the slat surface at the neighboring frac-

ture edge (Figure 1b).

Figure 1: (a) SEM images of the slat section of the graphene/PMMA
interface; (b) SEM image of the graphene surface at high magnifica-
tion.

The bending stress was applied to the sample by tuning a screw

located on one side of the specimen as reported in Figure 2. In

this way the quasi-static loading was applied perpendicular to

the sample surface as a function of bending. A sketch of the

sample under test is reported in Figure 2a.
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Figure 2: (a) Sketch of the setup used for bending tests; F represents the force produced by the screw S used to apply the bending stress and f is the
vertical displacement of the sample surface from the horizontal position. (b) Schematic view of the geometry of the sample under test. The sample
dimensions are: 150 × 20 × 3 mm.

An estimate of the applied load during the bending test can been

obtained by using the follow relation [11]:

(1)

where f is the displacement induced by the applied force F. E is

the Young modulus and Ics the moment of inertia of the cross

section. The lengths l and b are defined in Figure 2.

In our case a force of 6 N is enough to induce a slat deflection f

= 10 mm, that corresponds to the maximum bending of the slat

during the experiment. The force F was estimated by assuming

E = 3.8 GPa for the Young’s modulus value of PMMA [12],

and a moment of inertia Ics = wh3/12, where w = 0.02 m and

h = 3 × 10 −3 m are the width and thickness of PMMA/graphene

sample, respectively, and l = b = 75 mm.

The upside surface of the PMMA/graphene material was moni-

tored with an infrared camera (Flir ThermaCam, SC6000),

equipped with a quantum well infrared photon detector working

in the 8–9 μm infrared band cooled at 70 K by a Stirling cooler,

a noise equivalent differential temperature <35 mK, spatial

resolution of 640 × 512 pixels (full frame) with pixel size

25 × 25 μm. In the present application, thermal images in time

sequence at 60 Hz were collected and after were subjected to

postprocessing procedures [13].

Firstly, to account for thermal changes with respect to the

ambient temperature, the first image (t = 0) of the sequence

(i.e., the temperature of the unloaded specimen surface) was

subtracted from each subsequent image in order to determine a

map of temperature variations:

(2)

where i and j are the pixel indices (1 ≤ i ≤ 240; 1 ≤ j ≤ 320).

Therefore, a time sequence of ΔT(i,j,t) images are created.

These images are further analyzed to bring out information on

the temperature variations along the specimen surface and to

provide structural analysis of the material under investigation.

Infrared thermographic tests (IRT) were carried out on the

PMMA/graphene coatings and compared to the IRT measure-

ments performed on the various composite polymer-based

systems. A sketch of the setup for the thermographic measure-

ments is shown in Figure 3.

Figure 3: Sketch of the setup used for the thermographic analysis of
the PMMA/nanocomposite sample.

The composites under test include: glass-reinforced plastic

(GRP), nanocomposites, and PMMA. The nanocomposite sam-

ple is made using an epoxy resin EC01 and filled with multi-

walled carbon nanotubes (MWCNT) provided by Nanocyl with

a purity grade >95% with an average diameter ≈10 nm and an

average length of 1.5 μm. Further details on the nanocomposite

fabrication are reported elsewhere [14,15]. The electric trans-

port measurements have been carried out under unload and

maximum load conditions. For this purpose a two-probe config-

uration based on a picoammeter (Keithley, 6487) has been used

to measure the current−voltage (I−V) curves between the elec-

trodes located on A1 and A2 areas, as shown in Figure 4.
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Figure 4: Sketch of the top view of the sample; A1, A2 are the
(10 × 10 mm) areas on the sample monitored by the infrared camera
during the bending tests. The positions of the voltage (V+, V−) and cur-
rent (I+, I−) probes are indicated.

The same setup was used to monitor time changes of the cur-

rent for F = 0 and F = 6.9 N. Structural deformation of

graphene induced by bending the PMMA slat has been investi-

gated by means of micro-Raman Spectroscopy (μ-RS). The

μ-RS measurements were performed by using a Jobin-Yvon

system from Horiba ISA, with a TriAx 180 monochromater,

equipped with a liquid nitrogen-cooled charge-coupled detector.

The grating with 1800 grooves/mm allows for a final spectral

resolution of 4 cm−1. The spectra were recorded in air at room

temperature using a 17 mW He–Ne (λ = 632.8 nm) laser source.

The laser light was focused to a 10 μm spot size on the samples

through an Olympus confocal microscope with a 50× optical

objective.

Results and Discussion
During the bending stress cycles between unload and maximum

load conditions, the temperature variation on the sample sur-

face is measured by the IRT technique over a surface area of

(10 × 10 mm) as illustrated by A1 and A2 in Figure 3. It can be

seen that the maximum change in temperature occurs for the

area A1 at the edge of the slat where the force is applied. As

already observed in previous work [14], the temperature varia-

tion correlates well with strain modifications: the increase or

decrease in ΔT depends on the sign of strain.

Indeed, using the thermoelastic effect [16,17] under reversible

and adiabatic conditions (i.e., in the elastic regime and

neglecting heat transfer within the body and to the

environment), for isotropic materials, it is possible to relate the

temperature change ΔT to the amplitude variation of mean

applied stress Δσ (pressure) by the simple relation ΔT = −ΓTασ

where T is the absolute temperature of the sample, Γ is the

material thermoelastic constant, given by Γ = α/ρcp where α

is the thermal expansion coefficient, ρ the density and cp the

specific heat at constant pressure. For graphene we obtain

ΓTα = 0.19 GPa−1 at room temperature (Tα = 300 K) using the

thermal expansion coefficient α = −3 × 10−6 K−1 [18],

ρ = 2.25 × 103 Kg m−3 and cp = 2.125 × 103 J·kg−1·K−1 [19].

The negative sign of the thermal expansion coefficient implies

that subjecting the graphene slat to positive dilatation (traction)

results in heating whereas a compression gives rise to cooling of

the sample. The maximum value of temperature change ob-

served (ΔT ≈ 0.1 °C) corresponds to a maximum value of

applied stress Δσ of about 0.53 GPa. Accordingly, we obtain

Δε/Δσ ≈ 0.28% GPa−1 which turns out to be about 0.1% higher

than the value reported in [18], probably because of the soft-

ening of the PMMA/graphene compound with respect to pure

graphene.

In the Figure 5 the maximum temperature variation ΔT for

several composites is reported. Here, the different thermal be-

havior of the new material measured by the IRT technique is

shown. The carbon nanotubes (CNTs) can be used as a filler in

the polymer composite system to obtain ultralight structural ma-

terials (nanocomposites) with enhanced electrical, thermal and

optical characteristics. Glass-reinforced plastic (GRP) is used

for the realization of the components for use in the automotive

and aerospace industry.

Figure 5: Comparison of the IRT temperature changes. The measure-
ments were performed on various composite materials.

Thermographic measurements were carried out across the area

A1 (see Figure 3) in the same experimental conditions as those

of PMMA/graphene composite. Noticeably, the change in tem-

perature of the graphene/PMMA sample is higher than that of

the other considered functional materials, indicating a larger

sensitivity of the graphene-based composite in terms of temper-

ature response to external stimulus. In particular, the graphene-

coated PMMA substrate exhibits higher temperature changes

compared to that of PMMA substrate alone, and a lower ther-

mal noise, as shown in the Figure 5. It is interesting to stress

here that this result is obtained on a graphene/PMMA sample
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Figure 8: Schematic view of strain induced degenerate vibrational modes E2g shown on the left. The uniaxial strain is directed along the x axis. The
graphene lattice is turned with respect to the x axis at angle φS. On the right, the Raman spectrum of the PMMA/graphene sample is shown as
measured (a) and after subtraction of PMMA Raman components (b).

where the graphene layer is about 1 μm thick. This behavior can

be ascribed to the high thermal conductivity of graphene com-

pared to the other materials reported in Figure 5.

The effect of the bending on the electrical properties of

the PMMA/graphene compound were investigated by

measuring the current–voltage (I–V) using the electrical connec-

tion shown Figure 4. The measurement was performed in pres-

ence of a voltage of 5 V. Figure 6 reports the results of the cur-

rent–voltage measurements of the PMMA/graphene sample

with and without tensile stress.

Figure 6: Electrical current variation due to the mechanical stress as
measured on a PMMA/graphene sample.

Noteworthy, the graphene/PMMA sample exhibits a good

Ohmic behavior with a linear increase in electrical resistance to

value of about 0.3 MΩ upon application of load up to F = 6.9 N.

The time dependence of the electrical resistance of the PMMA/

graphene sample during loading cycles for a fixed voltage bias

V = 5 V is shown in Figure 7. The cycle was performed be-

tween unload (F = 0) and maximum load (F = 6.9 N) condi-

tions. Even after several cycles between the unload and loaded

state, the electrical resistance value show no hysteretic effect,

i.e., the PMMA/graphene does not store stress and the

maximum load implemented can be considered as a reversible

stress condition.

Figure 7: Time dependence of the electrical current for PMMA/
graphene. A constant voltage bias V = 5 V is applied to the sample
while the applied force varies cyclically between unload (F = 0 N) and
load (F = 6.9 N).

In order to evaluate the microscopic effect of applied stress on

sample micro-Raman spectroscopy (μ-RS) has been performed

in the region A2 (see Figure 4) during the bending test. The

Raman spectrum of the PMMA/graphene structure at rest (i.e.,

without applied force) is displayed in Figure 8. The Raman

spectrum exhibits many peaks, mainly due to the presence of
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the polymer substrate. The Raman components due to polymer

are removed (Figure 8b) by comparing the data with the spec-

trum acquired on the bare substrate using a numerical data treat-

ment based on a wavelets algorithm and linear regression [19].

The relative variation of electrical resistance ΔR/R0 is plotted as

a function of the applied strain ε (Figure 9), where the data refer

to two sets of bending tests. The strain values measured by

μ-RS are consistent with those obtained by the IRT analysis, as

their variation range is of the order of 0.15%. Noticeable in

Figure 9 is that a significant strain, on the order of 0.45%,

affects the graphene lattice for the equilibrium position of the

slat (no bending) due to intramolecular forces occurring be-

tween graphene and PMMA substrate. The GF results were on

the order of 40– 50. Note that this value is too high to account

for the observed resistance change solely in terms of electronic

modifications of the graphene itself [3].

Figure 9: Dependence of the normalized electric resistance variation
ΔR/R0 on strain ε. The bars indicate the relative measurement error
estimated at 1% and 8% for ε and ΔR/R0, respectively. The solid line
shows the best fit to the experimental data as calculated from the theo-
retical prediction given by Equation 3 with τ = 53 ± 11.

An intergrain electrical transport mechanism should be taken

into account, yielding a dependence of the conductivity on the

configuration of overlap area and contact resistance of the

platelets. The graphene-based layer can be considered as a gran-

ular system consisting of metal grains embedded in an insu-

lating matrix and its electrical conduction properties can be de-

scribed assuming a simple electron hopping mechanism [20]. In

this case the dependence of the electrical resistance on the strain

can be expressed by the simple relation:

(3)

where τ is a parameter proportional to the tunnel barrier depth,

d, between graphene platelets, R0 is the value of the electric

resistance in unstrained conditions and ε0 is the residual strain

occurring in the unload sample when resistivity value R0 is

measured.

The data reported in Figure 9 have been fit with Equation 3

using τ as the fit parameter, resulting in τ = 53 ± 11. The param-

eter τ is proportional to the square root of the actual energy

barrier Ec between grains, which can be approximated by the

energy of an electron transfer between a charged platelet to a

neutral one as:

(4)

where  is the Plank constant and the energy barrier Ec is given

by

(5)

where the average grain size is s and ε is the effective relative

dielectric constant of the layer. The value of τ found by the

fitting procedure implies that for Ec ≈ 100 meV, an intergrain

distance d of few nanometers is found, consistently with the

adopted model.

From Equation 3, and taking into account the definition of

gauge factor, it can be easily see that the GF is approximately

50. Due to this value of the GF, we can conclude that in a

microscopic level, a large value of the intergrain separation dis-

tance results in improving the sensitivity of the polymer/

graphene supported strain sensor.

Conclusion
In this work we have described a simple fabrication process to

produce a low-cost graphene film on a PMMA substrate. The

process makes use of the direct application of a nanostructured

graphite colloidal suspension to a PMMA slat. Bending tests

have been performed on this structure in order to study its

piezoelectric response. Electrical, infrared thermography and

micro-Raman spectroscopy have been carried out in order to in-

vestigate the behavior of the composite system as a local strain

sensor. The experiments demonstrated the high piezoresitivity

of the system. The electrical resistance changes with applied

stress with a gauge factor on the order of 50. The electrical fea-

tures are consistent with an intergrain electrical transport mech-

anism among graphene platelets undergoing strain solicitations.
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The tensile strain of the PMMA/graphene structure during the

bending test was confirmed by IRT and μ-RS measurements.

The strain magnitude was evaluated by the wavenumber split of

the Raman G-mode. The system was modelled as a granular

system consisting of metal grains (nanoplatelets) embedded in

an insulating matrix and its electrical conduction properties

were analyzed within the framework of a simple electron

hopping mechanism. The high sensitivity in addition to high

stability of the graphene/PMMA structure and the high thermal

sensitivity in the infrared wavelength region are interesting

aspects that enable us to propose this polymer/graphene sup-

ported coating as a new kind of stress sensor useful for applica-

tions in different fields from civil, to automotive and aerospace

engineering.

Acknowledgements
The work presented in this article was supported by the Project

Campus SIHM Control and Health Monitoring and Manage-

ment CUP B27112000080007.

References
1. Geim, A. K.; Novoselov, K. S. Nat. Mater. 2007, 6, 183–191.

doi:10.1038/nmat1849
2. Zhao, J.; He, C.; Yang, R.; Shi, Z.; Cheng, M.; Yang, W.; Xie, G.;

Wang, D.; Shi, D.; Zhang, G. Appl. Phys. Lett. 2012, 101, 063112.
doi:10.1063/1.4742331

3. Tang, Y.; Zhao, Z.; Hu, H.; Liu, Y.; Wang, X.; Zhou, S.; Qiu, J.
ACS Appl. Mater. Interfaces 2015, 7, 27432–27439.
doi:10.1021/acsami.5b09314

4. Bonavolontà, C.; Valentino, M.; Meola, C.; Carlomagno, G. M.
Int. J. Appl. Electromagn. Mech. 2012, 39, 363–368.
doi:10.3233/JAE-2012-1483

5. Grow, R. J.; Wang, Q.; Cao, J.; Wang, D.; Dai, H. Appl. Phys. Lett.
2005, 86, 093104. doi:10.1063/1.1872221

6. Li, X.; Zhang, R.; Yu, W.; Wang, K.; Wei, J.; Wu, D.; Cao, A.; Li, Z.;
Cheng, Y.; Zheng, Q.; Ruoff, R. S.; Zhu, H. Sci. Rep. 2012, 2, 870.
doi:10.1038/srep00870

7. Raju, A. P. A.; Lewis, A.; Derby, B.; Young, R. J.; Kinloch, I. A.;
Zan, R.; Novoselov, K. S. Adv. Funct. Mater. 2014, 24, 2865–2874.
doi:10.1002/adfm.201302869

8. Carotenuto, G.; Nicolais, L. Graphene-Polymer Composite. In Wiley
Encyclopedia of Composites; Nicolais, L.; Borzacchiello, A.; Lee, S. M.,
Eds.; John Wiley and Sons, 2012; Vol. 2, p 1232.
doi:10.1002/9781118097298.weoc103

9. Palomba, M.; Salvatore, M.; Carotenuto, G.; Coscia, U.;
Ambrosone, G.; De Nicola, S. Polymer-supported graphene obtained
by a micromechanical tecnique based on shear-stress. In Proceedings
of the 15th IEEE International Conference on Nanotechnology,
IEEE-NANO 2015, Rome, Italy, July 27–30, 2015; pp 485–488.
doi:10.1109/nano.2015.7388644

10. Carotenuto, G.; Longo, A.; De Nicola, S.; Camerlingo, C.; Nicolais, L.
Nanoscale Res. Lett. 2013, 8, 403. doi:10.1186/1556-276X-8-403

11. Meola, C.; Carlomagno, G. M.; Bonavolontà, C.; Valentino, M.
Adv. Opt. Technol. 2012, 720813. doi:10.1155/2012/720813

12. Salamone, J. C., Ed. Polymeric Materials Encyclopedia; CRC Press,
Inc.: Boca Raton, FL, USA, 1996; Vol. 12.

13. Boccardi, S.; Carlomagno, G. M.; Bonavolontà, C.; Valentino, M.;
Meola, C. Infrared thermography to monitor Glare under cyclic bending
tests with correction of camera noise. In Proceedings of QIRT 2014,
Bordeaux, France, July 7–11, 2014; pp 215 ff.

14. Bonavolontà, C.; Valentino, M.; Meola, C.; Carlomagno, G. M.;
Volponi, R.; Rosca, I. D. Supercond. Sci. Technol. 2009, 22, 095001.
doi:10.1088/0953-2048/22/9/095001

15. Bonavolontà, C.; Valentino, M.; Pepe, G. P. Supercond. Sci. Technol.
2007, 20, 51. doi:10.1088/0953-2048/20/1/009

16. Thomson, W. Philos. Mag. (1798-1977) 1878, 5, 4–27.
17. Biot, M. A. J. Appl. Phys. 1956, 27, 240–253. doi:10.1063/1.1722351
18. Shao, T.; Wen, B.; Melnik, R.; Yao, S.; Kawazoe, Y.; Tian, Y.

J. Chem. Phys. 2012, 137, 194901. doi:10.1063/1.4766203
19. Pop, E.; Varshney, V.; Roy, A. K. MRS Bull. 2012, 37, 1273–1281.

doi:10.1557/mrs.2012.203
20. Németh, R.; Mühlschlegel, B. Z. Phys. B: Condens. Matter 1988, 70,

159–162. doi:10.1007/BF01318293

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.8.3

https://doi.org/10.1038%2Fnmat1849
https://doi.org/10.1063%2F1.4742331
https://doi.org/10.1021%2Facsami.5b09314
https://doi.org/10.3233%2FJAE-2012-1483
https://doi.org/10.1063%2F1.1872221
https://doi.org/10.1038%2Fsrep00870
https://doi.org/10.1002%2Fadfm.201302869
https://doi.org/10.1002%2F9781118097298.weoc103
https://doi.org/10.1109%2Fnano.2015.7388644
https://doi.org/10.1186%2F1556-276X-8-403
https://doi.org/10.1155%2F2012%2F720813
https://doi.org/10.1088%2F0953-2048%2F22%2F9%2F095001
https://doi.org/10.1088%2F0953-2048%2F20%2F1%2F009
https://doi.org/10.1063%2F1.1722351
https://doi.org/10.1063%2F1.4766203
https://doi.org/10.1557%2Fmrs.2012.203
https://doi.org/10.1007%2FBF01318293
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.3

	Abstract
	Introduction
	Experimental
	Results and Discussion
	Conclusion
	Acknowledgements
	References

